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SUMMARY

Valuesofthedownwashof a horseshoevortexinincompressibleflow
arepresentedintheformof chartsandtables.Theuseofthecharts
andtablesinthecalculationsofthedownwashofwingsof arbitraryplan
formisdiscussed.Theresultsof a fewcalculationsarecomparedwith
experimentalresults.

a INTRODUCTION

~ A knowledgeofthedownwashbehindthewingisrequiredforthe
rationaldesignofthehorizontaltailsurfacesaswellasforthe
analysisofthelongitudinalstabilityof an airplane.Thedesigncharts
of reference1,whicharebasedontheexperimentsandanalysisof refer-
ence2, afforda convenientmeansof esthst.ingthedownwashbehind
unsweptwings.Thesechartsarebasicallyinapplicableto sweptwings -
andtowingsofmorecomplicatedplanfomnbecausetheassumedbound
vortexisunsweptandbecausetheassumedspanwiseliftdistributions

—.

arethoseofunsweptwingsanddifferfromthoseof sweptwings. ..—-

Inasmuchas sweepconstitutesanadditionalgeometricvariableand
becausetheuseofmorecomplicatedplanformsintroducesstillfurther
variables,thepreparationof extensivechsrtsthatgivedirectlythe
downwashfieldforanyarbitraryplanformisnotconsideredpractical.
Whenthespanwisekiftdistributionisknownforanyparticularcase
therepresentationofthewingby a vortexpatte?mandcalculationof
thedownwashfieldassociatedwiththatpatterninthetailregionwith
certainsimplifyingassumptions,suchasthatof a planevortexsheet,
isa fairlystraightforward,althoughsomewhattimeconsumingproblem.

----

Thispaperpresentsa method,togetherwiththenecessarycharts
,, andtables,forfacilitatingsuchcalculations.As isdescribedherein,”

thetablesandchartsgivethedownwashfieldof anelementalrectangular
horseshoevortex.Themethodcbnsistsbasicallyof distributingthese

“ vorticesalongthewingspanin sucha waythattheyapproximatethe
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liftingactionofthewingandof superimposing
theindividualvortices.

NACATN2353

thedownwashfieldsof

Themethodisprobablyinapplicable(withoutmodifications)in
manycasesofpresentinterestwheresuchcharacteristicsashighangle
of attack,lowaspectratio,largeangleof sweep,hightaper,or
relativelylargefuselageresultinuncertainspanwiseliftdistribu-
tions,partlyseparatedflow,androlled-upvorticesextendingrearward
offtheuppersurfaceofthewing. No efforthasbeenmadeinthis
paperto studydownwashforthesecasesor.todefinethelimitationsof
thepresentmethodina quantitativesense.A fewcomparisonshave
beenmade,however,betweencalculatedandexperimentalresultsfor
casesinwhichtheaspectratio,leading-edgeradius,andangleof
attackarereasonablyfavorableforsuchcomparisons.Althougheven
forthesecasescertaindiscrepancies,probablyrelatedinsomeway
to sweep,remainunexplained,thecomparisonsarerather.satisfactory
ingeneral.

ThesechartsandtablesmayalsobeusedinFalknerfsmethodof
calculatingliftdistribution(reference3)inwhichthewingisreplaced
by a systemofhorseshoevortices.A shorttableoftherequireddown-
washfunctionhaspreviouslybeenpresentedforthispurposeinrefer- h
ence4. Thepresentchartsandtablesaremoreextensive,primarilyin
thattheyapplytoplanesaboveandbelowthatofthewake,andmore
accurate,inthattheyrequirelessinterpolation.. F

SYMBOLS

aspectratio (l&/S)

wingspan,feet

wingliftcoefficient

chord(measuredparalleltoplaneof symmetry),feet

averagechord,feet

sectionliftcoefficient

downwashfactor
()

4YCS~
T

M Machnumber
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w

v

x

wingarea,squarefeet

semispanofmainhorseshoevortices,feet

downwashvelocity,feetpersecond

forwardspeed,feetpersecond

longitudinalcoordinatealongdirection’ofrelativewind
rearwardof quarter-chordpint of chordinplaneof
symmetry,feet

+ dimensionlesslongitudinalcoordinate(x/s)

Y lateralcoordinate,feet

Yv dhnensionlesslateralcoordinate(Y/s)

z coordinatenormaltowake,feet

Zv4 dimensionlesscoordinatenormaltowake (2/s)

r circulation,feet2persecond
%

c downwashangle,degrees

a angleof attack,degrees

A taperratio

~Y m, h differencesincoordinates
of a liftpoint,feet

of a downwashpointandthose

DERIVATIONOF DOWNWASH

At a pointP(x+Ax,y+Ay,z+Az)the

CHARTSANDTABLES

downwashangledueto a horseshoe
vortexof semispans locatedata pointQ(x,y,z)may,accordingto
reference~,be foundfromtherelation

;(QAY,Az)=& F(~,&v,Azv) (1)
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where

and

F=- ‘V:-’(nif%

—

F-

“

Axv

AXV2+AZV2

~v2 + &v2
1+

A# + (Ay~+ 1)2

lE=--.

Forthespecialcasewhen ~ = O,

2 1
F=.- T—

L-

~v2 + &v2
1+

AZV2+ (Ayv- 1:

II&v2 + &v2
+1

(q - 1)2

In equation(2a),theminussignappliesforpositivevaluesof &fv

(2)

(2a)

andtheplussign,fornegativevalues.
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ThedownwashfunctionF is symmetricalwithrespectto the
X’Y-planeandtheXZ-planesothat

F(AxV,-Ayv,&y)= F(AXV,AYV,AZV) (3)

and

anditsvaluesfor
thoseforpositive

negatfveAxv bearthefollowingrelationshipto
Axv:

and,

&v2
1-

F(-AX@Yv#JZv)=- 4
A@’-l

&v2 - ~

()

2
A# 2-

1-
AYV2- ~

+ k (~2mv)
-12

Fbw%r)%) (4)

specifically,

4
W=’@Yv,o) = - F(~AYv, 0)

AYv2-~-

Thevaluesof F forcertainspecialcasesare

2
F(~#%o) = -

&v2 - J-

(ka)

(5)
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(provided&v #O) and

F(~, O,O) =2(+:-) (,)

.

Forvaluesof Azv= O,thevaluesof F maybe approximatedasfollows:

Forlargenegativevaluesof Axv and smallvaluesof Ayv,

1F%-—
AXV2

Forlargepositivevaluesof Axv andsmallvaluesof Ayv,

F%4+~
&2

Forlargevaluesof @v andsmallvaluesof Axv,

( 1)
2 ~ ~vFru—— -—
AYV2 I

m~

Forlargevaluesof Axv and Ayv,

FortheXY-plane(&v = 0)thevaluesofthefunctionF
presentedintable.1andfigurel(a)forevenvaluesof Ayv.
valuesof &v of*1.29,*3.25,. . . *37.25,thevaluesof

(7)

(7a)

(8)

(9)

are
For

4F(4AxV,&v) aretabulatedandplotted(intable1 andfig.l(b),
respectively)becausethesevalues of Ayv ayplytothecorrector d
vortices(definedinthesucceedingsection),whichhavea spanone-
fourththatoftheotherhorseshoevortices.(Full-sizefigs.l(a)andl(b) .
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areenclosedina flapatthebackofthispaper.Theyconsistoftwo
. partseach.Thetwopartshavetobe joinedalongtheindicatedlines.)

Intheregionofvaluesof &yv between -2 and2 andvaluesof Axv
between-4 and4,thefactorF variesveryrapidlywith Axv. Inthis

. region(whichis indicatedintable1 by a heavyborderlinearoundthe
values),valuesof F arepresentedintable2 forintervalsof Axv
smallerthanthoseoftable1.

Forplanesaboveandbelowthewakeby theSnlounts&v = +2,*4,
*8,~d*v, the~ues ofthedownwashfunctionF arepresentedin
tables3 to 6 andinfigures2 to 5. (Full-sizefigg.2 to 5 =e
enclosedintheflapatthebackofthispaper.)Thesetablesand
figuresarenotsoextensiveastable1;theydonotcontainvaluesfor
negativevaluesof Lxv,nordotheycontainvaluesatas closeintervals
forsmallvaluesof &v norforasmanyvaluesof &yv. Thereasonfor
thisnonuniformityin coverageisthattables1 and2 (andfig.1)
areintendedto aidintheapplicationofFalknerlsmethod,forwhich
downwashvaluesarerequiredcloseto andaheadoftheorigin,aswell
asforthedeterminationof downwashatthetaillocation;whereas
tables3 to 6 (andfigs.2 to 5)areintendedonlyforthedetermination

A ofdownwashatthetaillocation.

Thehorseshoevortexforwhichfigures1 to 5 areplottedhasa
d semispanof 0.250inch;thecenterof itslateralleg(theboundpart

ofthevortex)islocatedattheorigin,anditslongitudinallegs
(thetrailingpartsofthevortex)extendtowardthebottomofthe
figures.Thelateralandlongitudinaldistances(ininches)from
theoriginto anypointditidedby 0.293yieldthevaluesof Ayv and
Axv,respectively.Theregionssurroundedby a long-dash-linecircle
areaccurateto threedecimalplacesonly,theonesurroundedby the
short-dash-linecircleinfigurel(a),to twoplacesonly;ifgreater
accuracyis desired,thetablesmustbe resortedto. Elsewherethe
chartsareaccurateto fourormoredecimalplaces.

If thesemispanof thevorticesistakenasone-fortiethofthe
wingspan,equation(1)becomes

(10)

andifthevortexunderconsiderationisconsideredto betheonlyone
inthechordwisedirectionsothatit isresponsiblefortheentire

a. liftcarriedbythegivensection
c~cv

r=— (11)
2.
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and

w 10 ‘2= ~——
~= 4YCb/p

= 0.7958~F
b/2

or

_=lol”2° Fw ———
v 2fiA ~

Thedownwashanglesin

1.5915C2C=— — F
AE

degreesmaythereforebe obtainedfrom
equations(U) or (13),respectively,as

e 91.19cl=F.=— —
CL A CCL

(12)

(13)

(14)

(14a)

JiPPLICATIONOFCHAF$IWMD TABLESTO

CALCULATIONOFD3WNWASH

LocationofVortices

In ordertousethechartsandtablesofthefunctionF for
calculatingdownwash,theliftingactionofthewingmustberepresented
by a systemof horseshoevorticessuchasthatindicatedinfigure6(a).
Thecentersofthelaterallegsofdhevortices,whichwillhereinafter
be referredto asthe“liftpoints,”arelocatedonthequarter-chord
lineatintegertenthsofthesemispanfromO to0.9. Thesemispanof
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thesevorticesisone-fortiethofthewingspan.In additiontothese
. mainvorticestwocorrectorvorticessrelocatednearthetipinsuch

a waythatthecentersoftheirlaterallegsarelocatedatK).9625of
thesemispanonthequarter-chordline.Thesemispanofthesevortices. isone-fourththatofthemainvortices.Thecorrectorvorticeshave
beenshowninreference3 to increasetheaccuracyof loadingcalculations.
Whetherthecorrespondingimprovementintheaccuracyofdown.washcalcula-
tionsbehindthewingwarrantstheaddedcomplicationisdoubtful.No
corrector-vortexchartshaveconsequentlybeenpreparedforplanesabove
thewake.

InthecalculationofthedowmwashfactorF,thevertical&bnension-
lessdistance&v isassumedto bemeasuredfromtheXY-plane,which
containsthehorseshoevortex.Inusingthisfactorincalculations
ofthedownwashanglesbehindthewing,thefactthatthetrailing
vorticesarenotcontainedintheXY-planebuttendto followthewing
wakemustberemembered.(Seereference1.) Consequently,forthe
WrPoseof suchcalcula~~onsjtheordinateAZ isassmnedtobemeasmd
fromthewakeratherthanfromtheXY-pIane.

ThechartsandtablesgfvevaluesofthefunctionF onlyatpoints
a locatedlaterallyandverticallyat integralmultiplesofthespanof

thehorseshoevortex(atintegraltenthsofthesemispan)fromthelift
point;consequently,whenthereisa choice,downwashpointsshouldbe

i locatedat suchpoints.Incalculatingdownwashanglesatotherpoints
interpolationbetweendownwashanglescalculatedatadjacentpointsfor
whichvalues ofthefunctionF arepresentedisgenerallypreferable
to theuseof interpolatedvaluesofthefunctionF, particularlyfor
pointsneartheplaneAZ = O.

Ifthedownwashisto be calculatedfora wingina yawedattitude,
thespanmaybe definedasthedistancebetweenthewingtips(atthe
quarter-chordline)perpendicularto therelativewind. Theliftpoints
wouldthenbe locatedat0.9625,0.9,0.8,andsoforth,ofthesemispan
fromthemidspanlocation,boththesemispanandthemidspanposition
beingbasedontheforegoingdefinitionofthespan.

UseofTables

Thevaluesofthedownwashangleassociatedwitha givenhorseshoe
vortexmaybe calculatedfromequations(14)or (lka).Forthevortex
configurationindicatedinfigure6(a),thedownwashata givenpoint
(hereinafterreferredto asthe“downwashpoint”)mayconsequentlybe
calculatedby sumd.ngup thecontributionoftheindividualhorseshoe

* vorticessothat

w
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—

CL A

where Fi isthevalueof F
dist~ceofthedownwashpoint

main
made

whichcorresponds
fromtheithlift

(bv)i = (xv)~~~sh point“ (xv)ith

(NV) i = (Yv)downwashpoint- (Yv)it~

(Azv)i=(Zv)dmmshwint

(15)

(15a)

tothedimensionless
point;thatis,

lift point

liftpoint

Becausethecorrecturvorticeshaveone-fourththespanofthe
vortices,thevaluesof Ax and Q pertainingtothemshouldbe
dimensionlesswitha distanceone-fourththatofthemainvortices.

Also,fromequation(1)itfollowsthatthevalueof E’ obtainedfor
thesevorticesshouldbemultipliedby fourtimesthevalueusedfor
themainvorticesinequations(13),(14),and(lka).In orderto
avoidthenecessityoftreatingthesevorticesas specialcases,the
functionF~ = 4F(4Axv,4&v)hasbeentabulatedintables1 and2
insteadofthefunctionF forvaluesof--Ayvpetiinenttothecorrector
vortices.In allfurthercalculations,thedifferenceinthespansof
themainandcor~ctorvorticesmaythereforebe disregarded.

Thecalculationsofthedowuwashmaybe carriedoutconveniently
bymeansof a computingformsuchastheoneshownintable7. The
coordinatesofthedownwashpointorpointsareenteredatthetopof
thetable,thecoordinatesoftheliftpointsattheleft;all
coordinates’aremadedimensionlessby dividingby one-fortiethofthe
wingspan.Thedifferencesinthelateralandlongitudinalcoordinates
areobtainedat anyplaceinthetableby subtractingalgebraically

P
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thevalue oftheleftendof
differenceinthez-ordinate.

thetablefrom
isthesameas

11

thevalueatthetop. The
thez-ordinateofthedown-

washpoint(measuredfromthewake).Thevaluesof F ne obtainedfrom
table=1 to-6(dependingonthenormaldistanceofthedownwashpoint

. abovethewake Azv)forthegivenvaluesof Axv and &yv andare
enteredintheappropriatespaces.ml valuesintables1 to 6 are
negativeunlessspecificallyprefixedby a plussign.

are

Thevaluesof

enteredatthe
( cc2 ccl

thevortexstrengthexpressedas — or as —
5CL b/2)

leftoftable7. For-thepurposeof calculating“
downwash,thesevaluesmaybe estimatedconvenientlybymeansofrefer-
ence6 or 7. (TheImitationsinusingsuchtheoreticalloadingsas
thebasisfordownwashcomputationshavenot,however,beenestablished.
Inparticular,boththechartsof reference7 andtheempiricalmethod
ofreference6 maybe tooinaccurateforsatisfactoryresultscloseto

ccl ccl
thewake.)Ifthewingisyawed,theappropriatevaluesof — or —

CCL b/2
mustbe used.

a
Eachvalueof F fora givendownwashpointismultipliedby the

appropriatevalueofthevotiexstrength(attheleftinthesamerow),
a andthe19or21 products(dependingonwhetherthecorrectorvortices

areused)areaddedandenteredatthebottomofthetable.Thedown-
wash(indegrees}maybe obtainedby multiplyingtheseproductsby 45.6o

CL
or 91.1%, dependingonwhetherthevortexstrengthsareexpressedas

A
ccz ccl

or —, respectively.
q CCL

Useof Charts

Muchofthecomputinginvolvedinfillingouttable7may be
avoidedifthecharts(figs.1 to 5)areused. In ordertousethe
charts,thewingplanformhasto be drawnon a transparentpaperto
sucha scaleasto reducethespanto 10 inches.Onthequarter-chord
lineofthisplanform,theliftpointsaremarkedas showninfigure6(b).

.—

Similarly,dowmwashpointsaremarkedwhereverthedownwashmaybe of
interest,exceptthatthedownwashpointsshouldpreferablybe located
at integraltenthsofthesemispanfromthemidspan.

@

#
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A griddrawnthroughtheliftpointsas showninfigure6(b)usually
facilitatesthealinementoftheplanformwiththedownwashcharts.If’ -
thewingisyawed,thelinesofthisgridhavetobe drawnparalleland
??erpen~culartotherelativetind. Thedrawingoffigure6(b)isplaced .
onthedownwashchartforthe Azv valueof interestinsucha manner
thatthefirstvortex(at-0.9semispan)is locatedontheoriginof
thechartandthegridontheplanfomnisalinedwiththechart.The
valuesofthedownwasharethenreadatthedownwashpointsandentered
oppositethe-0.9semispanstationin a tablesimilartotable8. The
plan-fomndrawingisthenmovedsothatthesecondliftpoint(at
-0.8semispan)islocatedattheoriginofthechart;thegridonthe
planformisalinedagain,andthevaluesofthedownwasharereadat
thedownwashpointsandenteredinthetableoppositethe-0.8semispan
station.Thisprocedureiscontinueduntilallmafnliftpointshave
beenlocatedattheoriginandthecorrespondingvaluesofthedownwash
enteredinthetable.Forexanple,figure7(a)showstheliftpointat
-0.3semispanlocatedattheoriginofthechartfor Azv= O. Allvalues
ofthedownwashreadfromthischartarenegative,exceptforthosevalues
hmediatelydownstreamoftheorigin.

Whenevera downwashpointisso locatedreltiiveto a liftpoint
thatit isnotonthechartwhenthatliftpointislocatedattheorigin, “
thetransparentdrawingisturnedoveraboutthelongitudinalaxisof
thewingplanform.Thegivenliftpointisplacedattheoriginagain
andthedrawingisalinedwiththechart;thedownwashpointisnow

B

onthechartsothatthedownwashatthatpointmaybe readfromthe
chart.Figure7(b)showstheliftpointat0.3semispanlocatedatthe
origin;thevaluesof-thedownwashatpoints1,2, 6,and7 cannotbe read
unlessthedrawingisturnedover.

Whenallthedownwashcontributionsduetothemainvorticeshave
beenobtainedinthismanneranditisdesiredtousethecorrector
vortices,thedownwashdueto thecorrectorvorticesmaybe obtained
fromfigurel(b)protidedAzv= O. Thecorrectorliftpointat
-0.9625 semispanis locatedontheoriginoffigurel(b)andthevalues
ofthedownwasharereadatthedownwashpointsandenteredinthe
table.Theplan-formdrawingisthenturnedover,thecorrectorlift
pointat0.9625semispanplacedontheorigin,andthevaluesofthedown-
washreadagain.Allvaluesreadfromthischartarenegative.

ccl Ccz
Thevaluesofthevortexstrengths— or — areenteredin

b/2 ECL

thesecondcolumnoftable8. Thetotaldownwashata givendownwash
pointisobtainedbymultiplyingthevaluesenteredinthetableforthat ?
downwashpointbythecorresmndingvaluesofthevortexstrengthsand

.
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summingup theproducts..’Thevalueofthedownwashistheneither45.60
● ccl

or 91.1~ ttiesthesumoftheproducts,dependingonwhether—
b/2 ‘r

.
was

..

used.

cc cc
As statedpreviously,thevaluesof ~ or ~ areobtained

b/2 ‘W?.

froma curveofthespanwiseliftdistribution,whichbmaybe estimated
bythemethodofreference6 or 7.

CorrectionforC~ressibilityEffects

Therepresentationof a wingby vorticesinthemannerindicated
intheprecedingsectionsisvalidonlyin inccznpressibleflow.The
three-dimensionalGlauert-Prandtlruleforlinearizedsubsonicflow
maybeused,however,to applya first-ordercorrectionforcompressi-
bilityeffectsto theresultsobtainedfromincompressible-flowtheory.

. Thiscorrectionconsistsof?nultipl@ngalllongitudinaldimensionsand
1

ordinatesby thefactor . Thiscorrectionaffectsthechord,
4 *

theaspectratio,thesweepangle,andthelongitudinallocationofthe
downwashpoints.Thedownwashanglescalculatedforthisstretched
planformandforthedownwashpointswithstretchedlongitudinal
ordinatesbyuseoftheactualliftdistribution=e thedownwashangles
ontheactualwingincompressibleflow.

Resultsof SpecificCalculations

As statedpreviously,thevaluesofdownwashanglescalculatedin
themanneroutlinedintheprecedingsectionsareidealizedinthat
theyinvolvecertainapproximationsandaresubjectto certainImita-
tions.As a practicalexampleof resultsobtainableby themethodof
calculatingdownwashangles(outlinedintheforegoingsections),and
Inorderto permita furthercomparisonofexperimentalandtheoretical
results,downwashangleshavebeencalculatedforoneofthemodelsused
inthetestsdescribedin reference8 fora wingwith300sweepback,
aspectratio4.5,andtaperratio1.0. Theangleforwhichthecalcula-
tionshavebeenperformedis8.18o;theliftcoefficient,0.4-87.

Downwashangleshavebeencalculatedlythemethodofthepreceding* sectionsforpointsat0.4,1.0,and1.6semispanbehindtheintersection
ofthequarter-chordlineandtheplaneof symmetry,intheplaneof
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symmetryand0.3semispanfromtheplaneof symmetry,andatseveral

(
heights~ =

)
O,0.2,0.4,and0.6 abovethewake,thepositionofthe

b/2
wskebeingthatobtainedfromthedataofreference8. Theseanglesare
showninfigure8. Alsoshown,forcomparison,aredownwashangles
obtainedfromtheexperimentaldataofreference8 atthesamepoints
(exceptthatthelateralordinateofpoints4 and5 offigure8 isone-
thirdsemispanfortheexpertientalresultsand0.3semispanforthe
calculatedresults).

Theagreementbetweenthecalculatedandtheexperimentalresults
isgoodformostpoints,asmaybe expectedfora wingwithreasonably
highaspectratioandata reasonablylowangleof attackexceptfor
pointsdownstreamofthewingtipandforpointsinthewake. The
largestdiscrepanciesareatpoint1,whichistoocloseto thetrailing
edgeto permitcalculationofthedownwashonthebasisof a single
concentr@edloadvortex.

Inorderto showsomeofthetrendsintheeffectsof somewing
parametersondownwash(ifthewingsandtheirliftcoefficientsare
assumedto remainwithintherangesforwhichthepresentmethodis
applicable)someadditionalcalculationshavebeenmadefortwosets *
ofwingsof aspectratio6,withtaperratiosof0.5and1.0,respectively,
andwithvariousanglesof sweep.Spanwiseliftdistributionsgivenin

—

reference7 wereusedinthecalculations.Valuesofthedownwash &

ratio..dG/dawerecalculatedandareshowninfigure9 forpoints
located,longitudinally,at0.4,1.0,and1.6semisFansbehindthe
intersectionofthequarter-chordlineandtheplaneof symmetry,
laterally,intheplaneof symmetry,and,vertically,intheplaneof
thewake. Thesevaluesof de/da donotactuallycorrespondtothe
rate of changeofdownwashat a tailsurfacebecausetheheightof
thetailsurfacerelativetothewakechangeswithangleof attack.

Intheplaneof symmetrythedownwashangledecreasesasthewing
issweptbackas a resultofthefactthatwithincreasingsweepthe
wingasa wholeandtheregionofthewingneartheplaneof symmetry,
inparticular,carrylessliftand,consequently,producelessdownwash.
At 0.4semispanoutboardof theplaneof s@metry,thedownwashangle
increasesslightlyastheangleof sweepbackincreasesfromnegatiwtilues
(sweptforwardwing)to about20°to 30°sweepback,andthenthedownwash
anglegraduallydecreasesastheangleof sweepbackincreasesfurther.
Thistrendisduetothefactthatthedecreaseof liftwithsweepback
islesspronouncedat0.4semispanawayfromtheplaneof symmetrythan
intheplaneof symmetryandthatthewingapproachesthetwodownwash
points(4and5)as it issweptbacksothatitsboundvorticity
producesmoredownwashatthedownwashpoints. F

.
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Iftheseresultsaretobe interpretedcorrectly,someofthe
limitationsofthetheoryunderlyingthecalculationsmustbe remembered.
Forexample,thedownwashanglescalculatedfortheplaneofthewake
maybe largelyinvalidatedbytheinflowintothewakeandthereduced
streamwisevelocitycomponent.Furthermore,ifthewingshavefairly
sharpleadingedges,theflowoverthemorehighlysweptmembersof
thisseriesmaybe verydifferentfromtheassumedflowexceptatthe
verylowestanglesof attack.In spiteofthesedifficulties,the
resultsareprobablyfairlyrepresentativeat lowanglesof attack.
Thedownwashanglesintheplaneof symmetrysrelikelyto be less
reliablethanthoseat0.4semispanawayfromit,as shownbythe
comparisonsoffigure8. Theleastreliableresultsareprobablythose
forpoint1 becauseof itsproximitytothetrailingedge.

DISCUSSION

Sameofthelimitationsoftheprocedureofusingthechartsand
tablesofthispaperinthecalculationof dowmwashanglesareinherent
inlinearizedpotentialtheory;whereassomeothersareconsequencesof

. thestiplificationsmadeto facilitatecalculationsbasedonthistheory.

As a resultofthefactthatpotentialtheorydoesnottakeviscous
< effectsintoaccount,anyeffectofthewakeonthedownwashanglesin

thewakeor inthevicinityofthewakecannotbe determinedby potential
theory,norcandownwashanglesbe predictedonthebasisof suchtheory
forthehigheranglesof attackbecauseboundary-layerseparationaffects
theliftcarriedby thewingand,hence,thedownwashfieldassociated
withthatlift.Linearizedtheoryimpliesa wakewhichisplaneand
hasthesanespanwisedistributionoftrailingvorticityateverysection
throughthewakedownstreamofthewing. Becausethetrailingvorticity
actuallyrollsup intotwotipvorticesdownstreamofthewingtips,
downwashanglesdownstreamofthewingtipscannotbe estimateddirectly
by linearizedtheorynorcanthedowmwashanglesbehindwingsof low
aspectratiobe predictedby linearizedtheorybecauseforsuchwings
thetipvorticityaffectsthedownwashanglesintheentireregionwhere
downwashanglesareEkelyto be of interest.

--

Thecalculatingproceduresoutlinedinthispaperarebasedonthe
assumptionthattheliftingactionofthewingmaybe representedby a
singleconcentratedvortexatthe~arter-chordline.Withinthefrsme-
workof linearizedpotentialtheorythisassumptionisadequatefor
calculatingthedownwashanglesatpointswhicharenottoocloseto
thewing. Thepresenceof a fuselage,verticaltailsurface,orpropeller

* slipstreamcannotbe takenintoaccount,however,bythesimplevortex
representationdescribedinthispaper. (Theeffectofthefuselageon
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thedownwashisparticularlydifficulttotake
isonlypartlya potential-flowphenomenonand
phenomenonassociatedwithboundary-layerand

CONCLUDINGREMARKS

NACATN 2333

intoaccountbecauseit
partlythetypeof
wakeeffects.)

Chartsandtableshavebeenpresentedforthedownwashof a horse-
shoevortexinincompressibleflow.Theuse ofthesechartsandtables
inthecalculationsofthedownwashanglesbehindthewingsof arbitra~
planformhasbeendescribedanddiscussed.A correctionforcompressi-
bilityeffectshasbeenoutlined.Theresultsofa fewcalculationsof
downwashanglesfora ratherfavorablecase(moderatelysweptwing
withnotaperanda thickleadingedgeat a moderateangleof attack)
havebeenfoundto agreesatisfactorilywiththeexperimentalresults
exceptperhapsnearthemidspanregionofthewake. Theapplicability
ofthepresentapproachforlessfavorableconditions(suchas large
angleof sweep,10Waspectratiosthinleadingedge,andhighangleof
attack)hasnotbeendetermined,andsuchapplication,evenwhenthe
trueloadingisknown,isnotat.presentrecommended.

.

.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,January30,1951
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Join here.

Join here.

Top part of ffgure l(a).

(a) Main vortices. (AU values are negative except those specifically
marlsed with a plus Bign.) ““

-=E=-
Figure l.- IWnwash Ch8rtS

found in the
for plane of wake.
flap at the back of
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(Full-size figure will be
this ~per. )
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Join here.
Top IMrt of figure l(b). r’

(b) Correctmvurtdces. (AJ.l.values are negative.)

Figure 1.- Concluded. -=%=”
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NACATN 2353

Figure2.- Ikmnwashchartfor~ints 0.1semispanahve l?laneofwake.
(Allvaluesarenegativeexceptthosespecificallymarkedwitha
plussign.)(Full-sizefigurewillbe foundintheflapat theback
01 this~per.)
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n

Figure3.. Downwashchartforpints 0.2semis- above plane ofwake.
(Allvaluesarenegativeexceptthoses~cificallymarkedwitha

4 plusSign.)(N1-sizefigurewillbe foun&intheflapat theback -’
ofthispaper.)
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Figure4.-Downwashchartforpoints0.4semispsmaboveplaneofwake.

.

.

(All.wlues arenegativeexceptthosespecificallymarkedwitha
plussign.)(Full-sizefigurewillbe foundintheflapat theback -v
ofthispaper.)
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4

.

Figure5.-DownwashchartforpointsO.6semispmalmveplaneofwske.
(Allvaluesarenegativeexceptthosespecificallymarkedwitha
plussign.] (Full-sizefigurewillbe foundintheflapat theback T
ofthis~per.)
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Figure6.-Definitions
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~xper;mentulvalues – – – – – Cuhulated va’lues
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Figure8.-Downwashanglesbehind30°sweptbackwing. A = 4.5;A = 1;
a= 8.180.
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